We conducted a phase II trial to assess the outcomes of patients who received preoperative gemcitabine-based chemoradiation and pancreaticoduodenectomy (PD) for stage I/II pancreatic adenocarcinoma.
INTRODUCTION
The multimodality treatment of localized pancreatic cancer is an area of active investigation because of the minimal survival benefit afforded by surgery alone. Moreover, in the last 2 decades, no significant improvements in patient survival have been observed in large trials of adjuvant therapy, which rely on a surgery-first approach to resectable disease. [1] [2] [3] In contrast, the delivery of chemotherapy and radiation before surgery provides for early treatment of micrometastatic disease, which is present in the majority of patients, allows for the identification of those patients with rapidly progressive metastatic disease at the time of post-treatment/preoperative restaging (surgery is thereby avoided in these patients), and may increase the R0 resection rate and reduce the risk of local tumor recurrence. [4] [5] Sequential preoperative chemoradiation trials have been performed at our institution using infusional fluorouracil (FU) in combination with standard-fractionation external-beam radiation therapy (EBRT; 50.4 Gy), 6 rapid-fractionation EBRT (30 Gy), 7 and paclitaxel-based chemoradiation. 8 Paclitaxel did not provide an advantage over FU-based chemoradiation programs in terms of resection rate, treatment effect as assessed in the resected specimen, or overall survival. 8 Because gemcitabine is superior to bolus FU for the treatment of advanced pancreatic cancer, its integration into neoadjuvant and adjuvant trials for resected disease was a logical next step. 9 We performed a phase I study of gemcitabine in combination with EBRT in patients with locally advanced disease. 10 The results of this phase I study were sufficiently encouraging to proceed with the trial reported herein.
PATIENTS AND METHODS

Patients
The University of Texas M.D. Anderson Cancer Center (MDACC) Institutional Review Board (Houston, TX) approved the study protocol, and all patients gave written informed consent. All patients underwent pretreatment multidetector contrast-enhanced computed tomography (CT) of the abdomen. The protocol required that a mass be visible in the pancreatic head on CT or endoscopic ultrasound (EUS), and pathologic confirmation of adenocarcinoma. 11 All eligible patients were required to have potentially resectable disease on the basis of physical examination and the following objective CT criteria: (1) no evidence of extrapancreatic disease; (2) no evidence of tumor extension to the superior mesenteric artery (SMA) or celiac axis; and (3) no evidence of occlusion of the superior mesenteric vein (SMV) or SMV-portal vein (PV) confluence. 12 Tumor abutment and encasement of the SMV, in the absence of vessel occlusion or extension to the SMA was considered resectable.
Patients were also required to have a Karnofsky performance status of at least 70, an absolute neutrophil count (ANC) more than 1,500 cells/mm 3 , a platelet count of at least 100,000 cells/mm 3 , a serum creatinine level less than 1.6 mg/dL, and a serum bilirubin level less than 5 mg/dL. When necessary, biliary decompression was accomplished endoscopically by placement of a biliary stent. Patients were excluded if they had evidence of fever, active infection, hepatic transaminases (ALT and AST) greater than 5ϫ the upper limits of normal or significant medical comorbidity precluding consideration of major pancreatic surgery.
Patients underwent restaging evaluation 4 to 6 weeks after the completion of chemoradiation (including CT). Surgery was considered delayed if it was performed 8 or more weeks after the completion of chemoradiation.
Chemoradiation
The chemoradiation schema is shown in Figure 1 . Intravenous (IV) gemcitabine (400 mg/m 2 ) was administered over 30 minutes once a week for a total of 7 doses. EBRT was delivered 5 days per week (Monday-Friday, beginning 48-72 hours after the first dose of gemcitabine) to a total dose of 30 Gy in 10 fractions over 2 weeks (3 Gy/d). Radiation volumes were based on threedimensional conformal CT and included the primary tumor. Pancreaticoduodenal, portahepatic, superior mesenteric, and celiac axis lymph nodes were included in the treatment field with a 2-cm block margin. Weekly evaluations during chemoradiation included assessment of toxicities. Chemotherapy was reduced by 25% if the patient's ANC was less than 1,000 cells/mm 3 or if the platelets were less than 100,000 cells/mm 3 . Chemotherapy was reduced by 50% for any grade 3 nonhematologic toxicities, except for nausea and/or vomiting. Chemotherapy was held if the patient's ANC was less than 500 cells/mm 3 or if the platelets were less than 50,000 cells/mm 3 . Doses that were missed or held because of toxicity were not administered at a later time.
Toxicities were graded according to the National Cancer Institute Common Toxicity Criteria version 2. We created a grading system to describe the toxicity of biliary stent occlusion which resulted in hyperbilirubinemia and/or transaminitis requiring stent exchange: MDACC grade 1, an elective stent exchange with no evidence of infection and a serum bilirubin no more than 1.5 mg/dL; MDACC grade 2, a therapeutic, outpatient stent exchange with a serum bilirubin more than 1.5 mg/dL and no evidence of cholangitis; MDACC grade 3, a therapeutic stent exchange that required hospitalization and/or was associated with clinical evidence of cholangitis; and MDACC grade 4, a therapeutic stent exchange associated with life-threatening infection.
Surgery and Assessment of Response
PD was performed using a standard technique, as previously described. [12] [13] [14] Operative time and blood loss (in mL) were recorded from the anesthesia record. Major postoperative complications were defined as previously described. 15 Standardized histologic evaluation of the PD specimen was performed as previously described with prospective evaluation of the SMA margin. [16] [17] [18] Final margins were recorded as negative (R0) or positive (R1) for tumor. A margin was designated positive if tumor cells were present at the inked SMA margin, the common bile/hepatic duct or the pancreatic transection margins. Histologic response to preoperative chemoradiation was scored in all resected surgical specimens by a GI pathologist using a previously published scoring scheme. 
Follow-Up and Statistical Analysis
After surgery, patients were evaluated every 3 to 4 months by physical examination, chest radiography, and abdominal CT. For those without evidence of disease at 2 years, follow-up was at 6-month intervals. Recurrent disease was defined on follow-up CT imaging; biopsy confirmation was not required. Overall survival was calculated from the time of tissue diagnosis (the median time from tissue diagnosis to protocol entry was 15 days [range 1 to 71 days]) and was estimated by the Kaplan-Meier method. The log-rank test was used to compare survival curves. Cox proportional hazards regression was used to assess the association between clinical and pathologic variables of interest and survival. Parameters with P Յ .25 on univariate analysis were included in the multivariate analysis. All statistical tests were two tailed, and P Ͻ .05 was considered to be statistically significant.
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RESULTS
Treatment
From July 1998 through October 2001, 86 patients were enrolled (Appendix Table A1 , online only). The flow of all 86 patients through the treatment protocol is illustrated in Figure 2 . All patients completed the radiation component, and 85 of 86 patients underwent restaging evaluation. One patient did not return for restaging because of a decline in performance status related to disease progression, and died less than 6 months from the date of diagnosis. Surgery was not performed in 12 (14%) of the 86 patients who completed chemoradiation because of patient refusal (n ϭ 1), disease progression (n ϭ 8), or medical comorbidities (n ϭ 3). The sites of metastases found in the eight patients with metastatic disease at restaging included liver in six and peritoneum in two patients. Medical comorbidities, not apparent at study entry, precluded surgery in 3 patients. These 3 patients experienced rapid disease progression and died 10, 11, and 13 months from the date of diagnosis. Of note, at the time of restaging CT evaluation, no patient was judged to have locally unresectable disease.
Seventy-three (85%) of 86 patients were taken to surgery for planned PD. Unresectable disease was found in nine patients at laparoscopy (n ϭ 1) or laparotomy (n ϭ 8) owing to CT-occult liver metastases (n ϭ 6) or peritoneal implants (n ϭ 3). No patient was found at surgery to have unresectable disease based on local tumor extension. PD was performed successfully in 64 (74%) of 86 patients. Resection of the SMV-PV confluence was necessary in 13 (20%) of these 64 patients (tangential excision with saphenous vein patch [n ϭ 4] or segmental resection with [n ϭ 4] or without [n ϭ 5] interposition grafting), and one patient required tangential resection of the inferior vena cava.
Toxicities of Chemoradiation and Surgery
All 86 patients completed the radiation component and are included in the toxicity analysis. Gemcitabine doses were withheld or reduced in 46 (53%) of 86 patients because of toxic events; GI (34%), hematologic (53%), endobiliary stent related (12%), or nonstent infectious complications (1%). Table 1 toxicity were less likely to undergo PD, although this was not statistically significant (odds ratio ϭ 0.29; P ϭ .26).
Endobiliary stents were placed in 67 (78%) of the 86 patients before treatment began. Of the 67 patients with plastic biliary stents, 23 (34%) underwent a total of 27 stent exchanges. Endobiliary selfexpandable metal stents were placed at the time of stent exchange in 2 patients. 19 The median time from completion of preoperative therapy to surgery in the 73 patients who went to surgery was 5.6 weeks. Of the 64 patients who underwent successful PD, 10 (16%) experienced a delay in surgery of more than 8 weeks from the completion of chemoradiation. Major complications occurred in six patients (9%) including perioperative death (n ϭ 1), chylous ascites (n ϭ 1), transient bilious drainage from an abdominal drain (n ϭ 1), percutaneous drainage of intra-abdominal (sterile) fluid collections (n ϭ 2), and postoperative GI hemorrhage, which was managed conservatively (n ϭ 1). The perioperative death was the result of multisystem organ failure after reoperation for sepsis secondary to a pancreatic anastomotic leak.
Histopathology
The pathologic findings for the 64 patients who underwent PD appear in Table 2 and are compared with results from our previous FU-based and paclitaxel-based preoperative chemoradiation studies. Surgical margins were grossly negative in all patients who underwent PD. A microscopically positive SMA margin was found in the surgical specimens of four (6%) of 64 patients, and a positive final pancreatic parenchymal transection margin was found in 3 (5%) patients. Metastatic disease was found in regional lymph nodes in 24 (38%) of the 64 patients. The median number of nodes examined in all 64 patients was 17.5. Of the 24 patients with positive nodes, the median number of nodes positive was 2.0 (mean, 2.4 nodes).
There were no statistically significant differences in overall survival by treatment effect scores (Table A2 ). There was no association between the extent of treatment effect and positive lymph nodes or positive surgical margins.
Survival and Disease Recurrence
At last follow-up, 65 (76%) of 86 patients have died, comprising all 22 who did not undergo PD and 43 (67%) of the 64 patients who completed all intended treatment. The median overall survival of all 86 patients was 22.7 months (95% CI, 15.9 to 29.5; Fig 3) ; the overall progression-free survival was 15.4 months (95% CI, 7.8 to 23.0) The 5-year survival for all 86 patients was 27%. Median survival was 34.0 months (95% CI, 23.8 to 44.2) for the 64 patients who underwent PD and 7.1 month (95% CI, 6.1 to 8.1) for the 22 patients who did not undergo PD (P Ͻ .001). The 5-year survival for those who did and did not undergo PD was 36% and 0% respectively.
Among the 64 patients who underwent PD, 37 (58%) have died as a result of recurrent pancreatic cancer and six (9%) of other causes (including the one perioperative death), and 21 patients (33%) are currently alive. The overall progression-free survival for all 64 patients was 28.6 months (95% CI, 22.0 to 35.2). The 37 patients who developed recurrent pancreatic cancer experienced recurrence at a median of 13.2 months (range, 6.3 to 79.9 months) from the date of diagnosis. First sites of recurrence included distant organ in 30 (47%) of 64 patients, peritoneal cavity in eight (13%), and local tumor bed recurrence in seven (11%); in two of these seven patients, this was an isolated site of recurrence. None of the seven patients with local recurrence had a positive SMA margin. The liver was the most common site of tumor recurrence (15 [41%] of 37 patients with recurrence). For the 64 patients who underwent PD, covariates of interest were assessed separately in a univariate fashion (Table A3) . On multivariate analysis, the only factors found to influence survival were the number of positive lymph nodes (hazard ratio [HR] ϭ 1.48; P Ͻ .001; 95% CI, 1.23 to 1.79) and major postoperative complications (HR ϭ 4.46; P ϭ .003; 95% CI, 1.67 to 11.87). When major postoperative complications (n ϭ 6) were excluded, the influence of positive lymph nodes remained essentially unchanged (HR ϭ 1.41; P Յ .001; 95% CI, 1.18 to 1.70). When we considered N stage (and excluded the number of positive lymph nodes) the influence of N stage remained significant (HR ϭ 2.5; P ϭ .006; 95% CI, 1.30 to 4.8).
DISCUSSION
This report adds to the recently published experience with gemcitabinebased chemoradiation delivered in a neoadjuvant setting to patients with potentially resectable pancreatic cancer and represents the largest protocol-based experience to date (Table 3) . [20] [21] [22] [23] The median survival of the 64 resected patients was 34 months, and 21 (33%) remain alive without evidence of disease recurrence at a minimum follow-up of 5 years.
There are several conclusions to be drawn from the results of this trial. First, the findings reported herein are consistent with our previous observation that neoadjuvant treatment sequencing accurately identifies those patients who are unlikely to achieve a survival benefit from surgery and enriches the population of patients who undergo PD with those most likely to benefit from such a large operation. [7] [8] Further, when we examined the outcome of the 64 patients who underwent a potentially curative PD, the prognostic variables that negatively influenced survival included the presence of lymph node metastases, the number of positive lymph nodes, and major postoperative complications. The impact of lymph node metastasis in the surgical specimen has been previously reported and is consistent with published data from our institution. 18 However, the tolerance to preoperative therapy and surgery appears to also reflect the underlying biology of the hosttumor relationship, and our data suggest that patients who struggle through induction therapy or surgery are less likely to do well. This finding lends further support to a neoadjuvant strategy for pancreatic adenocarcinoma.
Second, in comparison with our previously published FU-and paclitaxel-based preoperative regimens, this gemcitabine-based approach has led to better survival for those patients who underwent PD. [6] [7] [8] Furthermore, the survival results compare favorably with data reported from modern adjuvant trials for resected pancreatic cancer.
2-3 We believe preoperative gemcitabine-based chemoradiation has two distinct advantages in this regard. Gemcitabine likely provides superior systemic treatment of micrometastases compared with FU or paclitaxel, and although the superiority of gemcitabine over single-agent FU is quite modest in advanced disease, the differences in efficacy may be magnified in a patient population with very low systemic tumor burden. This cannot be assumed for patients who 17  20  19  64  Treatment effect score  I  2  12  11  55  8  42  12  19  IIa  8  47  5  25  7  37  15  23  IIb  3  18  4  20  4  21  28  44  I I I  4 
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Margins were not assessed in two patients who underwent reoperative PD due to the dense inflammatory change and the inability to obtain an additional margin for analysis. undergo surgery first, in whom the stress of surgery and delay in the delivery of systemic therapy may alter the host-tumor relationship.
Gemcitabine also has potent radiosensitizing properties, and this is critical in a disease with a propensity for positive surgical margins and local recurrence. 24 Pancreatic cancer is somewhat unique in its ability to spread along perineural sheaths and particularly along the autonomic ganglia surrounding the SMA. This allows tumor access, at a microscopic level, to the SMA and celiac ganglia, thereby predisposing patients to local recurrence even when all gross tumor has been removed. It is precisely this microscopic disease, which infiltrates perineural tissue at the periphery of the tumor, that is the target of adjuvant chemoradiation administered pre-or postoperatively. Our data on histologic assessment of treatment effect (Table 2) suggests that greater tumor cell killing was generated using gemcitabine as the radiosensitizer compared with FU or paclitaxel. Moreover, the low rate of local recurrence reported in this trial (11% as any component of failure and 3% as isolated local recurrence) is likely caused, in part, by preoperative chemoradiation. Other variables, in addition to the use of multimodality therapy, including T stage, tumor size and location (with respect to the SMA), lymph node status, and the quality of the surgical dissection also influence the rate of local recurrence.
Although treatment was associated with both hematologic and nonhematologic toxicity, there were no chemoradiationassociated deaths, and all patients completed the radiation component of therapy. Of the 67 patients with plastic biliary stents, 23 (34%) required a total of 27 stent exchanges before surgery and 18 (8%) of 23 were admitted to the hospital. Our current practice of placing metal stents in patients with potentially resectable disease will likely contribute to a major reduction in stent-related morbidity in the future. 19 In contrast to the preoperative period, there were no surgery-related complications that could be attributed to the preoperative therapy. In fact, as noted by us and other investigators, pancreatic anastomotic leak was less common when chemoradiation was delivered before PD. 25 The overall low rate of surgical complications likely reflects the small number of participating surgeons and the high level of experience of both the surgeons and the institution with pancreatic surgery.
Of note, the feasibility of this study was based on the ability to obtain a cytologic diagnosis of adenocarcinoma via EUS-guided fine-needle aspiration biopsy and the ability to endoscopically decompress the biliary tree in those patients with obstructive jaundice. 11, 18, 26 When the diagnosis of adenocarcinoma can be confirmed safely, utilizing a minimally invasive technique such as EUS-guided fine-needle aspiration, and durable biliary decompression can be achieved, localized pancreatic cancer can then be treated similarly to other GI solid tumors. Namely, the diagnostic phase can be separated from the treatment phase, stage-specific protocol-based therapy can be used, and exploratory surgery on an urgent basis is no longer needed.
Lastly, the predominant pattern of failure seen among the patients who underwent PD was systemic; therefore, in an attempt to build on the encouraging results from this trial, we have conducted a phase II trial of preoperative gemcitabine-based chemoradiation that incorporates combination chemotherapy. The results, which can be viewed in the companion article, 27 suggest that the addition of currently available cytotoxic therapy to chemoradiation does not further improve patient outcomes. Nevertheless, as we develop more effective systemic therapies for this disease, the support for treatment schemas that place surgery after a period of induction therapy will be even more compelling. Importantly, locoregional disease control will become increasingly appreciated as necessary for long-term survival. Thus, our ongoing investigations of multimodality therapy for stage I/II pancreatic cancer continue to explore novel therapies in addition to a gemcitabine-based chemoradiation platform. 
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